Cuttlefish, Sepia officinalis, commonly use their visually-guided, rapid adaptive camouflage for multiple tactics to avoid detection or recognition by predators. Two common tactics are background matching and resembling an object (masquerade) in the immediate area. This laboratory study investigated whether cuttlefish preferentially camouflage themselves to resemble a three-dimensional (3D) object in the immediate visual field (via the mechanism of masquerade/deceptive resemblance) rather than the 2D benthic substrate surrounding them (via the mechanisms of background matching or disruptive coloration). Cuttlefish were presented with a combination of benthic substrates (natural rocks or artificial checkerboard and grey printouts) and 3D objects (natural rocks or cylinders with artificial checkerboards and grey printouts glued to the outside) with visual features known to elicit each of three camouflage body pattern types (Uniform, Mottle and Disruptive). Animals were tested for a preference to show a body pattern appropriate for the 3D object or the benthic substrate. Cuttlefish responded by masquerading as the 3D object, rather than resembling the benthic substrate, only when presented with a high-contrast object on a substrate of lower contrast. Contrast is, therefore, one important cue in the cuttlefish's preference to resemble 3D objects rather than the benthic substrate.
Introduction
Cuttlefish are one of few animal groups with the ability to camouflage themselves on a wide variety of backgrounds, from open sandy plains to complex coral and rock reef habitats (e.g., Barbosa, Litman, & Hanlon, 2008; Hanlon & Messenger, 1988) . Because the color, contrast, patterning and physical texture of their skin are under direct neural control, camouflage is almost instantaneous (Hanlon, 2007; Messenger, 2001) . They change their body pattern and physical skin texture using two main tactics to achieve camouflage: background matching (resembling the color, contrast and pattern of the background) to hinder detection; and disruption (breaking up the body outline) to impede recognition (e.g., Cott, 1940; Hanlon & Messenger, 1988; Hanlon et al., 2009; Stevens & Merilaita, 2009 ).
Alternatively, cuttlefish may choose to resemble an inanimate object such as seaweed or a rock (Hanlon & Messenger, 1988; Hanlon et al., 2009 ), a tactic known as deceptive resemblance (Cott, 1940) or masquerade (Stevens & Merilaita, 2009 ). For example, in an open area such as a sandy plain a cuttlefish may choose to look like nearby objects to masquerade its true identity (such as depicted in Fig. 1 ). This requires assessment of the visual background on the substrate, as well as 3D objects in the immediate vicinity.
The driving force for having a choice of camouflage tactics is that predators view cuttlefish from many angles: swimming predators (fish, dolphins, etc.) view them vertically down against the substrate while benthic predators view them horizontally against vertical 3D objects on the substrate. A key conceptual question arises for masquerade as a camouflage tactic: is the prey organism using masquerade to avoid visual recognition (as posited by Endler (1981) and Stevens and Merilaita (2009)) or visual detection? Recent experimental papers using chicks preying on moth caterpillars argue that both mechanisms are at play in masquerade Skelhorn, Rowland, Speed, De Wert, et al., 2010; , 2011a , 2011b Skelhorn et al., 2011) . In this paper, we concentrate on the perceptual capabilities of the prey (cuttlefish) that enable this choice, although this may eventually shed light on the predator's visual cues as well.
Sepia officinalis occurs in the Mediterranean and Eastern North Atlantic where they live predominately in muddy and sandy/ seagrass habitats (Jereb & Roper, 2005) that often have 3D features such as rocks and algae; we have recorded many field images of cuttlefish apparently resembling nearby rocks and algae to camouflage themselves (Fig. 1) . In the laboratory, cuttlefish have been shown to respond preferentially to 2D vertical stimuli presented on the wall of an arena rather than the 2D pattern presented on the substrate (Barbosa, Litman, & Hanlon, 2008) . However, their response to 3D objects has not been studied thus far, and we do not know if cuttlefish preferentially respond to 3D objects or to the substrate.
There are three basic body pattern types that cuttlefish use for camouflage (Hanlon, 2007) ; each body pattern is made up of light and dark splotches that range along a continuum (Hanlon et al., 2009 ), yet can be placed into the categories of Uniform (very small to small splotches), Mottle (medium-sized splotches) and Disruptive body patterns (large splotches but also bars, stripes, etc.; Hanlon & Messenger, 1988) . Uniform and Mottle body patterns both function by ''background matching'' (although we prefer Cott's term ''general background resemblance'' because no statistical matches have been shown between animal and background; Hanlon et al., 2009) , whereas the Disruptive body pattern can act either through background matching (i.e., when the animal is in an environment that consists of large-scale light and dark objects) or disruption (i.e., when the animal uses the large-scale markings of different orientations, shape and contrast on its body to break up its recognizable body outline rather than resembling the substrate (Hanlon et al., 2009) .
In the laboratory, we can control the visual features of substrates and 3D objects presented to cuttlefish. Uniform body patterns can be elicited on fine-grained sand or uniformly-colored artificial backgrounds (Chiao & Hanlon, 2001; Chiao et al., 2010; Hanlon & Messenger, 1988; Kelman et al., 2007; Langridge, 2006; Mäthger et al., 2006) ; Mottle body patterns can be elicited on black and white checkerboards with a check size of 4-12% of the animal's White square or with a roughly equal size of light and dark gravel Mäthger et al., 2007) ; and Disruptive body patterns can be elicited by presenting a black and white checkerboard with checks approximately 40-120% of the animal's White square or the equivalent sized rocks, shells or gravel Mäthger et al., 2007) . By using our knowledge of which body pattern various substrates elicit, we presented cuttlefish with both natural and artificial materials to test whether they prefer to resemble a 3D object (masquerade), or if they prefer to camouflage to the substrate (background matching).
Materials and methods
Three separate sets of experiments were performed: (1) natural substrates with natural 3D objects (real rocks and shells), (2) artificial substrates with artificial 3D objects (cylinders made of petri dishes covered with artificial substrates) and (3) artificial substrates with 2D rock-sized patches (designed to compare with the effects of the 3D artificial rocks). The substrates and rocks used in each experiment are described in detail below.
Animals
European cuttlefish ( S. officinalis) were hatched, reared and maintained at the MBL in Woods Hole, Massachusetts. Fourteen cuttlefish (3.5-5.5 cm mantle length; ML) were used in the natural substrates experiment, 13 cuttlefish (2.12-4.31 cm ML) were used in the artificial substrates experiment, and five animals were used in the 2D experiment. 
3-D rocks
A single uniformly-colored, tan rock was used to evoke Uniform, a single rock with small white and black splotches (similar to the size of the small gravel used as a benthic substrate) was used to evoke Mottle, and a single rock with large areas of white and black (similar to the size of the grey and white shells used as a benthic substrate) was used to evoke Disruptive. All rocks were approximately 4 cm in diameter and about equal to one body length of the mean size of the animals. Since individual cuttlefish show some variation within each major body pattern (Uniform, Mottle and Disruptive) in the presence of the same visual stimulus (i.e., a single rock), we exposed each cuttlefish to the same 3D object to minimize variance when evoking different body patterns.
Animals were tested on each of the natural substrates as a control, and then on each substrate along with a natural rock that evoked either Uniform, Mottle or Disruptive (for a total of 12 trials per animal; e.g., sand that evoked Uniform with the rock that evoked Disruptive, large grey and white shells that evoked Disruptive with the rock that evoked Uniform, etc.).
Artificial substrate experiments

Benthic substrates
Three artificial substrates were made: (1) uniform grey (50% grey) designed to evoke Uniform, (2) small black and white checks designed to evoke Mottle (2.63 mm square size -8% of area of animal's white square), and (3) large black and white checks designed to evoke Disruptive (9.31 mm square size -100% of area of animal's White square area). Substrates were computer generated, laminated to be waterproof and placed on the floor of the experimental arena.
3D rocks
Artificial rocks were made by gluing two small petri dishes together. Petri dishes were 3.5 cm diameter and 2.5 cm tall, which equaled approximately one cuttlefish ML and two times the dorsoventral height of the cuttlefish. These ''rocks'' were covered with the grey or checked substrates that were used to make the floor substrates. Animals were presented with each of the artificial substrates (grey, small checks, large checks) in the absence of artificial rocks (this acted as our control experiment). Then, we used the artificial substrates in combination with each of the artificial rocks for a total of 12 trials per animal (e.g., grey substrate with large checks rock, large checks substrate with grey rock, etc.).
2D rock-sized patch experiments
Five animals were tested on a series of substrates on which a 2D rock-sized patch (approximately 1 ML of the animal; the same diameter as the petri dishes used in the artificial substrates experiment) was presented to the cuttlefish on each artificial substrate. The 2D substrates were made by digitally inserting a grey, small check or large check circle in the center of each of the artificial substrates. Animals were tested on each artificial substrate (grey to evoke Uniform, small checks to evoke Mottle and large checks to evoke Disruptive) as a control, as well as in combination with each 2D rock-sized patch for a total of nine trials per animal (e.g., grey substrate with a large check 2D rock-sized patch in the center of the arena, etc.).
Experimental set-up
Experiments were conducted in an enclosed tent constructed of black plastic sheeting to minimize disturbance to the animals. Cuttlefish were observed using a TV monitor outside of the tent area and images were taken remotely. Animals were placed inside a circular tank (51.4 cm diameter, 17.3 cm height) with flow-through seawater where they were presented with various natural and artificial substrate/rock combinations. An arena with a grey wall (50%) was placed on each substrate to confine the cuttlefish into an area where images could easily be taken. The substrate (and rock, depending on the trial) was placed in the tank before the cuttlefish was introduced to the arena; rocks were consistently placed in the center of the arena. The arena was 25 cm in diameter and 8.9 cm tall. A circular 40 W fluorescent light source (Phillips CoolWhite) was placed directly above the arena to reduce the effect of shadows. Animals were tested individually, and were given time to acclimate before images were collected with a Nikon Coolpix 5400 camera at 1, 4, 8, and 12 min after acclimation with both wide angle (to study relative body position) and close-up (to study body pattern in detail) shots. Acclimation time was a minimum of 10 min. Absence of excessive body movements and hovering, and the presence of a stable body pattern indicated an animal was acclimated.
Substrate and rock contrast
A spectrometer (USB2000, Ocean Optics, FL, USA) was used to take reflectance measurements of the substrates and rocks. The same light source as that used for the experiments was used in a dark room to illuminate samples. Substrates were placed in the center of the circular fluorescent bulb. This provided an even and diffuse light field with no change in the ambient light. A 400 lm measuring fiber was positioned vertically (to avoid specular reflectance) and was set at a distance of 1 cm (measuring diameter was 5 mm). Each substrate/rock was measured in 20 places. A diffuse reflection standard (WS-1, Ocean Optics, FL), which reflects more than 98% of light between 400 and 1500 nm, was used to standardize measurements.
After measuring the reflectance spectra, the relative photon catch PC (amount of light absorbed by a photoreceptor and available for vision) was determined by PC = (Warrant, 2004; Warrant & Locket, 2004) , where S(k) is the absorbance spectrum of the animals' visual pigment, R(k) is the spectral composition of light reflected from the substrate/rock, l is the length of the rhabdom (400 lm; Hanlon & Messenger, 1996) and k is the quantum efficiency of transduction (0.0067 lm
À1
; Warrant & Nilsson, 1998 ) (see also Mäthger et al., 2006) .
We used Weber contrast (WC) to determine the contrast within the various natural substrates/rocks. This was given by WC = (PC substrate/rock À PC average )/PC average , where PC substrate/rock is each of the 20 locations measured for each substrate/rock and PC average is the averaged PC of all reflectance spectra of that particular substrate/rock. WC is given as the overall contrast inside that particular substrate/rock. We used Michelson contrast (MC) for artificial substrates/rocks. This was given by MC = (PC 1 À PC 2 )/(PC 1 + PC 2 ), where PC 1 is the photon catch of shade 1 (e.g., black check) and PC 2 is the photon catch of shade 2 (e.g., white check). Weber contrast is used in a more global context, whereas Michelson contrast is preferable for side-by-side regular repeating patterns. However, the contrast values obtained by either method are directly comparable (see also Mäthger et al., 2007) .
The natural substrates and rocks had a lower overall contrast than did the artificial black and white checkerboard print-outs (Table 1) . See Table 1 for a list of contrasts for each substrate and rock.
Quantification of body patterns
We used a Matlab-created image analysis program developed for characterizing the body pattern produced by cuttlefish to enable us to discriminate between body patterns produced on different substrate/rock combinations. Since the three major body pattern types (Uniform, Mottle and Disruptive) differ in granularity, which measures spatial scales and contrast, we can capture pattern differences by analyzing the different spatial frequency bands. To do this, each animal image was cut out digitally from its background and warped to conform in size and shape to a standard cuttlefish template. Six octave-wide isotropic ideal filters were applied to the warped image yielding six images that partition the information from the original image into different ''granularity bands;'' six discrete energy bands were assigned to capture the relative contribution in different spatial frequency (i.e., granularity). In our filter design, the filters were isotropic (i.e., each filter gave equal weight to all orientations of any given spatial frequency), ideal (i.e., each filter gave unit weight to all frequencies within its band and 0 weight to all others), and each was one octave wide (i.e., its upper cut-off was double the frequency of its lower cut-off). The lowest frequency band had its low frequency cut-off at around four cycles per cuttlefish body width. We refer to these six energies as the ''granularity spectrum'' of the image. Energy is expressed as a mean quantity per pixel and is normalized so as to reflect a proportion of the maximum possible energy that could exist in any image. Based on the shape of this granularity spectrum, the three major body patterns (Uniform, Mottle and Disruptive) can be easily distinguished. Typically, the spectrum of the Uniform pattern has low energy in all six granularity bands, which corresponds to low contrast in overall appearance. The Mottle pattern yields a spectrum with more total energy than the Uniform pattern, and the spectral curve typically has highest energy in granularity bands 2-4, which indicates that the Mottle body patterns have moderate contrast with the presence of medium-spatial-scale light/dark components (Chiao et al., 2010) . Finally, the Disruptive pattern evokes a spectrum with more total energy than either the Uniform or Mottle patterns, and most of this energy is in the two coarsest granularity bands 1 and 2 (for more detail, see Chiao et al., 2010) .
The distributions of mean granularity statistics from bands 1-4 (artificial substrates) or granularity statistics from bands 1-2 (natural substrates) were compared using a Hotellings T test. Bands 1-4 and/or 1-2 were selected because most of the variation between body pattern types can be seen using these bands. Body patterns evoked on substrates with rocks were compared with body patterns evoked on control substrates without rocks. Statistical analyses were performed using Matlab R2010a (The Mathworks, Inc.).
Results
Body patterns on substrates without 3D objects
Representative cuttlefish body patterns on the natural and artificial benthic substrates are shown in Fig. 2 . Fig. 2a shows the mean granularity curves for the 13 animals presented with the artificial substrates (in the absence of a 3D object) used to evoke the three main body patterns (large black and white checks evoked Disruptive; small black and white checks evoked Mottle; and uniform grey evoked Uniform). The differences in body pattern are illustrated by the differences in the shape of the curves for each body pattern type. Animals showing a Disruptive body pattern (image and granularity curve highlighted in blue) had most of their energy in granularity bands 1 and 2. Animals showing a Mottle body pattern (image and granularity curve highlighted in red) had low energy in granularity band 1; most of their energy was in granularity bands 2 and 3. Animals with a Uniform body pattern (image and granularity curve shown in green) had a relatively flat granularity curve, having little energy in any of the granularity bands. The granularity curves on each natural substrate showed a similar pattern to the granularity curves produced by the body patterns of the animals on the artificial substrates, except that the curves representing Disruptive and Mottle body patterns had slightly higher overall energy than the artificial substrates (Fig. 2b) . This indicates that all substrates evoked the expected body patterns.
A Hotelling's T test, using granularity bands 1-4, showed significant differences in the mean body pattern evoked on both artificial (Disruptive control vs. Mottle control, T = 43.08, p < 0.001; Disruptive control vs. Uniform control, T = 13.08, p < 0.001; Mottle control vs. Uniform control, T = 23.60, p < 0.001) and natural (Disruptive control vs. Mottle control, T = 9.48, p = 0.048; Disruptive control vs. Uniform control, T = 15.48, p = 0.024; Mottle control vs. Uniform control, T = 2.44e + 04, p < 0.001) control substrates.
Body pattern response to 3D objects
Artificial substrates
Cuttlefish responded to the 3D object only when placed on a grey substrate (evoked Uniform) with a small or large check rock (evoked Mottle or Disruptive, respectively). In other words, cuttlefish body patterns were significantly different from body patterns produced on the control substrates only when presented with small check (T = 9.071, p = 0.0032) or large check (T = 5.359, p = 0.017) artificial rocks. Otherwise, cuttlefish showed the body pattern elicited by the substrate (i.e., the body pattern evoked in the presence of the rock did not differ significantly from the body pattern evoked by the control substrate; p > 0.05). The granularity curves for each substrate/rock combination are shown in Fig. 3 .
Natural substrates
A Hotelling's T test, using granularity bands 1-2, showed that cuttlefish body patterns were significantly different from the body patterns evoked on the control substrates only when the largescale, high contrast rock was placed on sand (T = 13.276, p = 0.01). Otherwise, animals showed the body pattern appropriate for the substrate on which they were sitting (i.e., the body pattern Fig. 2 . Mean granularity curves for animals on control artificial (a) and natural (b) substrates. Each curve represents the energy per pixel at six granularity bands averaged for the total number of animals tested on each substrate (n = 13 for artificial substrates and n = 14 for natural substrates). The blue line depicts the average granularity curve for animals on substrates that evoked a Disruptive pattern, the red line depicts the average granularity curve for animals on substrates that evoked a Mottle pattern and the green line depicts the granularity curve for animals on substrates that evoked a Uniform pattern. Error bars indicate standard error. Granularity curves were generated after the animal was cut out from the background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) evoked in the presence of the rock did not differ significantly from the body pattern evoked by the control substrate; p > 0.05). The granularity curves for the various natural substrate/rock combinations are shown in Fig. 4 .
Body pattern response to 2D rock-sized patches
Cuttlefish body pattern responses to 2D rock-sized patches are shown in Fig. 5 . In general, animals did not respond to the 2D rock-sized patches, but instead responded to the artificial pattern surrounding the patch, even when the patch was of a higher contrast than the substrate (the body pattern evoked in the presence of the 2D patches did not differ significantly from the control substrates; p > 0.05).
6. Discussion 6.1. Contrast of 3D objects is an important visual cue for masquerade S. officinalis' preference to resemble a 3D object (masquerade) rather than show the body pattern appropriate for the benthic substrate appears to depend on the contrast between the object and the substrate on which the object is presented. On artificial substrates, cuttlefish masqueraded as high-contrast 3D objects (that evoked either Disruptive or Mottle) only when the objects were presented on the uniform grey substrate; on high-contrast substrates (both small and large checks, evoked Mottle or Disruptive, respectively) the animals showed the body pattern appropriate for the substrate. On natural substrates, cuttlefish masqueraded as the large-scale, high-contrast rock when presented on the gravel (evoked Mottle) or sand (evoked Uniform) substrates, but never masqueraded as the rock with small light and dark patches (evoked Mottle) or tan rock (evoked Uniform), regardless of which substrate the rock was presented on. The difference in the cuttlefish's response between natural and artificial substrates was most likely caused by a difference in contrast between substrates and rocks. It is likely that cuttlefish responded to the natural rock with large black and white patches (evoked Disruptive) on gravel (evoked Mottle) because the natural rock with large black and white patches had a higher contrast than the gravel; whereas cuttlefish did not respond to the natural rock with small light and dark patches because it did not differ enough in contrast from the sand or large grey and white shells. The artificial rocks with small or large black and white checks (evoked Mottle and Disruptive, respectively) had the same high contrast.
Masquerade is an effective tactic for camouflage
Masquerade, called deceptive resemblance or ''special resemblance to inedible objects'' by Cott (1940) , has recently been defined as an organism resembling an uninteresting object, such as a rock or seaweed in the case of cuttlefish, or a twig in the case of stick insects , allowing the animal to escape recognition rather than detection by the predator (Stevens & Merilaita, 2009 ). While this is a well-known phenomenon in the animal Fig. 3 . Mean granularity curves for animals tested on artificial substrates. Each curve represents the energy per pixel at six granularity bands averaged for the total number of animals tested on each substrate (n = 13). Each panel shows the animals' response on large checks (evoked Disruptive), small checks (evoked Mottle) and uniform grey (evoked Uniform) substrates in the presence of an artificial rock with large checks (a), small checks (b) or uniform grey (c). Error bars indicate standard error.
kingdom, it has not been well studied (Endler, 1981) . The role of detection vs. recognition by predators is particularly difficult to study because it is not easy to prove that a prey animal has been misidentified by a predator. However, recent experiments, using chicks as predators and moth caterpillars as prey, have demonstrated that masquerade works by influencing both detection and recognition . Moreover, other factors influence which of the two mechanisms affects the predator; these include the presence of a model, the context in which the predator experienced the model, and the polyphenism and density of masqueraders , 2011a , 2011b Skelhorn et al., 2011) .
The apparent use of masquerade for camouflage can be observed in a diverse array of taxa including birds, insects and fish. For example, the northern patoo bird rests on trees and resembles a broken branch (Edmunds, 1974) . Leafy sea dragons have many outgrowths on their bodies, allowing them to closely resemble the seaweed where they spend most of their time (Ruxton, Sherratt, & Speed, 2004) . Stonefish remain motionless and resemble rocks on the sea floor (Forbes, 2009) . Stick insects look like twigs (Evans & Schmidt, 1990) and hooded grasshoppers position themselves to look like the leaves on a plant.
While masquerade may be a common phenomenon in a variety of animals, most animals are not able to dynamically change their body pattern to resemble nearby objects the way cephalopods can. Mean granularity curves for animals tested on 2D artificial substrates. The curves represent the energy per pixel at six granularity bands averaged for the total number of animals tested on each substrate (n = 5). Each panel shows the response on a substrate with large black and white checks (a, evoked Disruptive), uniform grey (b, evoked Uniform) or small black and white checks (c, evoked Mottle) with either: no 2D rock-sized patch present (control -shown in blue) or in the presence of a 2D rock-sized patch with each of the patterns that differ from the substrate. The large black and white checked substrate (evoked Disruptive) is shown in panel a, along with the small checked rock (in purple) and the uniform grey rock (in orange). The uniform grey substrate (evoked Uniform) is shown in panel b, along with the large checked rock (in purple) and the small checked rock (in orange). The small checked substrate (evoked Mottle) is shown in panel c, along with the large checked rock (in orange) and the uniform grey rock (in purple). Error bars indicate standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The Giant Australian cuttlefish, Sepia apama, often uses threedimensional skin papillae and an upright arm posture to resemble a clump of seaweed (see Fig. 1 ; Barbosa et al., 2011) . The squid Sepioteuthis sepioidea can hide in soft coral by resembling floating algae (Hanlon & Messenger, 1996 -Fig. 5.2c) . Octopus cyanea does an impressive trick where it disguises itself as a rock and then slowly moves across the sea floor (see video #6 at www.mbl.edu/mrc/hanlon/video.html), while Octopus marginatus resembles a coconut and Octopus aculatus can disguise itself by masquerading as a clump of floating algae (Huffard, Boneka, & Full, 2005) .
S. officinalis live in a wide variety of natural environments with many different 3D objects, such as rocks, algae and coral, and they can be seen sitting close to and apparently masquerading as these objects (see e.g., Fig. 1 ; Hanlon & Messenger, 1988) . The reasons for choosing masquerade in complex natural surrounds are not known. In some benthic habitats, cuttlefish choose to resemble the substrate pattern when the animal is partially buried . In other cases, non-buried cuttlefish will often choose to adjust their own body 3D profile to masquerade as nearby objects (but sometimes up to 3-5 body lengths away), thus producing more comprehensive camouflage that entails body pattern as well as shape/posture resemblance to an object for masquerade (see also Barbosa et al., 2011) . In any case, in such complex natural surroundings it is difficult to determine whether this can be considered masquerade or background matching (see also Hanlon et al., 2009 for a discussion of this conundrum).
The series of laboratory experiments described here showed that S. officinalis prefer masquerade over background matching when visual cues on nearby 3D objects are high-contrast and the surrounding substrate is low-contrast. On the other hand, when sitting on high-contrast substrates, the cuttlefish chooses a body pattern in response to the substrate. Future experiments (including field studies) should focus on a number of additional variables that may be present in natural situations such as number, size, texture and shape of objects as well as field studies to determine the extent to which masquerade is used as a camouflage tactic by cephalopods.
